University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln
Faculty Publications in the Biological Sciences

Papers in the Biological Sciences

2015

Globally, functional traits are weak predictors of
juvenile tree growth, and we do not know why
C. E. Timothy Paine
University of Stirling, c.e.t.paine@stir.ac.uk

Lucy Amissah
Wageningen University

Harald Auge
Helmholtz Center for Environmental Research

Christopher Baraloto
INRA, UMR

Martin Baruffol
University of Zurich
See next page for additional authors

Follow this and additional works at: https://digitalcommons.unl.edu/bioscifacpub
Part of the Biology Commons
Timothy Paine, C. E.; Amissah, Lucy; Auge, Harald; Baraloto, Christopher; Baruffol, Martin; Bourland, Nils; Bruelheide, Helge;
Dainou, Kasso; de Gouvenain, Roland C.; Doucet, Jean-Louis; Doust, Susan; Fine, Paul V. A.; Fortunel, Claire; Haase, Josephine;
Holl, Karen D.; Jactel, Herve; Li, Xuefei; Kitajima, Kaoru; Koricheva, Julia; Martinez-Garza, Cristina; Messier, Christian; Paquette,
Alain; Philipson, Christopher; Piotto, Daniel; Poorter, Lourens; Posada, Juan M.; Potvin, Catherine; Rainio, Kalle; Russo, Sabrina E.;
Ruiz-Jaen, Mariacarmen; Scherer-Lorenzen, Michael; Webb, Campbell O.; Wright, S. Joseph; Zahawi, Rakan A.; and Hector, Andy,
"Globally, functional traits are weak predictors of juvenile tree growth, and we do not know why" (2015). Faculty Publications in the
Biological Sciences. 726.
https://digitalcommons.unl.edu/bioscifacpub/726

This Article is brought to you for free and open access by the Papers in the Biological Sciences at DigitalCommons@University of Nebraska - Lincoln.
It has been accepted for inclusion in Faculty Publications in the Biological Sciences by an authorized administrator of DigitalCommons@University of
Nebraska - Lincoln.

Authors

C. E. Timothy Paine, Lucy Amissah, Harald Auge, Christopher Baraloto, Martin Baruffol, Nils Bourland,
Helge Bruelheide, Kasso Dainou, Roland C. de Gouvenain, Jean-Louis Doucet, Susan Doust, Paul V. A. Fine,
Claire Fortunel, Josephine Haase, Karen D. Holl, Herve Jactel, Xuefei Li, Kaoru Kitajima, Julia Koricheva,
Cristina Martinez-Garza, Christian Messier, Alain Paquette, Christopher Philipson, Daniel Piotto, Lourens
Poorter, Juan M. Posada, Catherine Potvin, Kalle Rainio, Sabrina E. Russo, Mariacarmen Ruiz-Jaen, Michael
Scherer-Lorenzen, Campbell O. Webb, S. Joseph Wright, Rakan A. Zahawi, and Andy Hector

This article is available at DigitalCommons@University of Nebraska - Lincoln: https://digitalcommons.unl.edu/bioscifacpub/726

Journal of Ecology 2015, 103, 978–989

doi: 10.1111/1365-2745.12401

Globally, functional traits are weak predictors of
juvenile tree growth, and we do not know why
C. E. Timothy Paine1*, Lucy Amissah2,3, Harald Auge4,5, Christopher Baraloto6,7, Martin
Baruffol8, Nils Bourland9, Helge Bruelheide5,10, Kasso Da€ınou9, Roland C. de Gouvenain11,
Jean-Louis Doucet9, Susan Doust12, Paul V. A. Fine13, Claire Fortunel6,14, Josephine
 Jactel18,19, Xuefei Li8, Kaoru Kitajima7,20,21, Julia
Haase15,16, Karen D. Holl17, Herve
Koricheva22, Cristina Martınez-Garza23, Christian Messier24, Alain Paquette25, Christopher
Philipson16, Daniel Piotto26, Lourens Poorter2, Juan M. Posada27, Catherine Potvin20,28,
Kalle Rainio29, Sabrina E. Russo30, Mariacarmen Ruiz-Jaen28, Michael Scherer-Lorenzen15,
Campbell O. Webb31, S. Joseph Wright20, Rakan A. Zahawi32 and Andy Hector33
1

Biological and Environmental Sciences, University of Stirling, Stirling FK9 4LA, UK; 2Forest Ecology and Forest
Management Group, Wageningen University, P.O. Box 47, 6700 AA, Wageningen, The Netherlands; 3Council for
Scientiﬁc and Industrial Research-Forestry Research Institute of Ghana, P.O. Box UP63, KNUST, Kumasi, Ghana;
4
Department of Community Ecology, UFZ, Helmholtz Center for Environmental Research, Halle D-06120, Germany;
5
German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig, Leipzig D-04103, Germany; 6INRA, UMR
^ ts de Guyane”, Kourou Cedex 97387, French Guiana; 7International Center for Tropical Botany,
“Ecologie des Fore
Department of Biological Sciences, Florida International University, Miami, FL 33199, USA; 8Institute of Evolutionary
€ rich CH-8057, Switzerland; 9Laboratory
Biology and Environmental Studies, University of Zurich, Winterthurerstr. 190, Zu
of Tropical and Subtropical Forest Regions, Unit of Forest and Nature Management, Gembloux Agro-Bio Tech, University
 ge, Lie
 ge, Belgium; 10Institute of Biology/Geobotany and Botanical Garden, Martin Luther University Halle
of Lie
Wittenberg, Am Kirchtor 1, Halle D-06108, Germany; 11Department of Biology, Rhode Island College, 600 Mount
Pleasant Ave, Providence, RI, USA; 12Australian Antarctic Division, Channel Highway, Kingston, TAS 7050, Australia;
13
Department of Integrative Biology, University of California, Berkeley, CA, USA; 14Department of Biology, University of
Maryland, College Park, MD, USA; 15Faculty of Biology, Geobotany, University of Freiburg, Schaenzlestr. 1, Freiburg D79104, Germany; 16Ecosystem Management, Institute of Terrestrial Ecosystems, ETH Zurich, Universitätsstr. 16, Zurich
CH-8092, Switzerland; 17Environmental Studies Department, University of California, Santa Cruz, CA 95064, USA;
18
INRA, UMR1202 BIOGECO, Cestas F-33510, France; 19Univ. Bordeaux, UMR1202 BIOGECO, Talence F-33400,
France; 20Smithsonian Tropical Research Institute, Apartado, Balboa 0843–03092, Panama; 21Forest Biomaterial
Science, Kyoto University, Kitashirakawa Oiwake-cho, Sakyo-ku, Kyoto, Japan; 22School of Biological Sciences, Royal
 noma del Estado de Morelos, Centro
Holloway University of London, Egham, Surrey TW20 0EX, UK; 23Universidad Auto
 n en Biodiversidad y Conservacio
 n, Universidad 1001, Colonia Chamilpa, Cuernavaca, Morelos 62209,
de Investigacio
Mexico; 24Center for Forest Research and ISFORT, Université du Québec à Montréal et Université du Québec en
Outaouais, PO Box 8888, Centre-Ville Station, Montréal, QC H3C 3P8, Canada; 25Center for Forest Research, Université
du Québec à Montréal, PO Box 8888, Centre-Ville Station, Montréal, QC H3C 3P8, Canada; 26Universidade Federal do
Sul da Bahia, BR 415 Km 39, Ferradas Itabuna-BA 45613-204, Brazil; 27Biology Program, Faculty of Natural Sciences
and Mathematics, Universidad del Rosario, Carrera 24 No. 63C-69, Bogotá 111221, Colombia; 28Department of Biology,
McGill University, 1205 Dr Penﬁeld, Montréal, QC, H3A 1B1, Canada; 29Section of Ecology, Department of Biology,
University of Turku, Turku FI-20014, Finland; 30School of Biological Sciences, University of Nebraska, 208 Manter Hall,
Lincoln, NE 68588, USA; 31Arnold Arboretum of Harvard University, 1300 Centre Street, Boston, MA 02131, USA; 32Las
Cruces Biological Station, Organization for Tropical Studies, Apartado San Vito de Coto Brus 73-8257, Costa Rica; and
33
Department of Plant Sciences, University of Oxford, Oxford OX1 3RB, UK

Summary
1. Plant functional traits, in particular speciﬁc leaf area (SLA), wood density and seed mass, are
often good predictors of individual tree growth rates within communities. Individuals and species
with high SLA, low wood density and small seeds tend to have faster growth rates.
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2. If community-level relationships between traits and growth have general predictive value, then
similar relationships should also be observed in analyses that integrate across taxa, biogeographic
regions and environments. Such global consistency would imply that traits could serve as valuable
proxies for the complex suite of factors that determine growth rate, and, therefore, could underpin a
new generation of robust dynamic vegetation models. Alternatively, growth rates may depend more
strongly on the local environment or growth–trait relationships may vary along environmental gradients.
3. We tested these alternative hypotheses using data on 27 352 juvenile trees, representing 278 species from 27 sites on all forested continents, and extensive functional trait data, 38% of which were
obtained at the same sites at which growth was assessed. Data on potential evapotranspiration
(PET), which summarizes the joint ecological effects of temperature and precipitation, were obtained
from a global data base.
4. We estimated size-standardized relative height growth rates (SGR) for all species, then related
them to functional traits and PET using mixed-effect models for the fastest growing species and for
all species together.
5. Both the mean and 95th percentile SGR were more strongly associated with functional traits than
with PET. PET was unrelated to SGR at the global scale. SGR increased with increasing SLA and
decreased with increasing wood density and seed mass, but these traits explained only 3.1% of the
variation in SGR. SGR–trait relationships were consistently weak across families and biogeographic
zones, and over a range of tree statures. Thus, the most widely studied functional traits in plant ecology were poor predictors of tree growth over large scales.
6. Synthesis. We conclude that these functional traits alone may be unsuitable for predicting growth
of trees over broad scales. Determining the functional traits that predict vital rates under speciﬁc
environmental conditions may generate more insight than a monolithic global relationship can offer.
Key-words: functional ecology, FunDivEurope, growth, hierarchical models, plant population and
community dynamics, relative growth rate, size-standardized growth rate, TreeDivNet

Introduction
Functional traits impact population growth rates via their
effects on the vital rates of recruitment, growth, reproduction
and survival (Lavorel & Garnier 2002; Violle et al. 2007;
Adler et al. 2014). They have been adopted with enthusiasm
by ecologists in part because they reduce the dimensionality
inherent in species-rich ecosystems, providing a tractable way
to make inferences on community dynamics and ecosystem
functioning (McGill et al. 2006). The use of functional traits
has provided substantial insight into the determinants of community structure, including relative abundances and competitive hierarchies (Kraft, Valencia & Ackerly 2008; Cornwell &
Ackerly 2010; Kunstler et al. 2012). Making community-level
inferences using functional traits is predicated, however, on
the assumption that they are strongly associated with the vital
rates of individuals.
This assumption has been strongly validated in forested
sites, where functional traits, especially wood density, are
associated with interspeciﬁc variation in the growth rates of
trees. Variation in wood density accounted for up to 33% of
the variation in relative growth rate (RGR) for the fastest
growing juveniles of Panamanian rain forest tree species,
though relationships were weaker among adult trees, slowergrowing individuals and with other functional traits (Wright
et al. 2010; R€uger et al. 2012). Across Spain, Martınez-Vilal-

ta et al. (2010) showed that RGR was inversely related to
wood density (R2 = 0.35) using national forest inventory data.
At a still larger scale, Poorter et al. (2008) showed that wood
density explained 11% of the variation in RGR across ﬁve
neotropical forest sites. Because of the consistency in results
among their ﬁve sites, Poorter et al. (2008) suggested that
trait–growth relationships would be similar across rain forests,
since all rain forest trees face similar trade-offs.
We tested the hypothesis that the relationships between tree
functional traits and RGR that are found within communities
are also encountered at a global scale. If traits have a general
and consistent relationship with RGR, then signiﬁcant covariation should be observed in a data set that encompasses global variation in environments and taxa with diverse
biogeographic and phylogenetic histories. Such consistency
would imply that functional traits can serve as proxies for the
complex suite of factors that determine growth rate, given the
abiotic and biotic environment, and could thus underpin a
new generation of robust dynamic vegetation models (Scheiter, Langan & Higgins 2013; Sakschewski et al. in press).
Alternatively, at such large scales, growth rates may depend
more upon environmental conditions, or upon trait–environment interactions, such that the strength of growth–trait relationships varies along environmental gradients.
We examined three commonly measured functional traits,
for which global relationships with the individual tree growth
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would be expected: speciﬁc leaf area (SLA), wood density
and seed mass (Grime, Hunt & Grime 1975; Poorter & Remkes 1990; Poorter & van der Werf 1998). RGR should correlate positively with increasing SLA, but negatively with wood
density and seed mass, for the following reasons. SLA is a
strong determinant of carbon assimilation capacity per unit
mass invested in photosynthetic surface area (Rees et al.
2010). Wood density governs the translation of assimilated
carbon into stem and branch biomass, thereby inﬂuencing tree
height and crown growth. Denser wood is associated with
increased construction costs and decreased hydraulic conductance, both of which can reduce growth rate (Chave et al.
2009). Finally, seed mass is inversely related to survival for
seedlings, and can thus affect the growth of juvenile plants
via life-history correlations, although this effect dissipates
when growth rates are compared at a standard size (Turnbull
et al. 2012).
At a global scale, variation in temperature and precipitation
should also affect growth rates. Though rates of photosynthesis and maintenance respiration are strongly temperature
dependent (Atkin et al. 2005), the primary ecological effect
of elevated temperature on growth rates derives from its interaction with low precipitation, increasing drought stress. High
evaporative demand may limit photosynthetic carbon assimilation due to stomatal closure to reduce water stress (Keenan
et al. 2013).
We assessed the relative importance of functional traits and
environmental conditions in determining variation in sapling
growth rates using a unique global data set of 27 352 individual juvenile trees representing 278 species from sites on all
forested continents. Functional trait data were collected for all
species, 38% of which were obtained from the same sites at
which growth was assessed. Potential evapotranspiration
(PET) was obtained for all sites from a global data base. We
estimated growth rates at a standardized size using nonlinear
hierarchical Bayesian models, which allowed us to account
for uncertainty in growth rates. We then assessed the relationships among growth rates, functional traits and PET using
mixed-effect models. Functional traits may better predict maximal than mean growth rates (Grime, Hunt & Grime 1975;
Ter Steege 2003; Wright et al. 2010). Therefore, we also used
linear quantile mixed-effect models to examine the growth of
the fastest growing species. To further assess the generality of
growth–trait relationships, we partitioned the variation in the
global relationships among plant families and biogeographic
regions.

Materials and methods

continents. The key criterion for the inclusion of a site in this study
was that juvenile trees of known age were grown in a nursery, then
planted into mixed-species stands. This ensured a measure of consistency in the age and ontogenetic stage of juveniles within and among
sites. The median juvenile was 37 cm tall when transplanted (interquartile range: 7–170 cm).
The core of the data set came from the European sites of TreeDivNet (www.treedivnet.ugent.be), which constitute the experimental
platform of FunDivEUROPE (Baeten et al. 2013), a consortium of
biodiversity–ecosystem functioning studies on woody plants. These
sites were complemented by other TreeDivNet sites (Bruelheide et al.
2014), reforestation trials and studies designed to test speciﬁc ecological hypotheses. The latter two classes of studies were located through
literature searches. In sites with multiple diversity treatments, we used
only data from the one with the greatest species diversity. These treatments most closely resembled natural conditions, and their use
allowed us to avoid interference with ongoing research at each site.
Where light availability was manipulated, we used the treatment with
the greatest light availability to reduce within-site heterogeneity and
to assure positive growth rates. The sites spanned a latitudinal range
from 18° S (Queensland, Australia) to 62° N (Satakunta, Finland).
Across our sites, annual rainfall varied between 533 and 4900 mm,
and mean annual temperature varied between 5.0 and 27.7 °C. Temperature and precipitation were highly correlated, however, precluding
an examination of their individual effects (r = 0.79). Therefore, we
investigated environmental conditions in terms of potential evapotranspiration (PET), which integrates the effects of temperature and
precipitation, and expresses the ability of the atmosphere to remove
water through evaporation and transpiration (Allen et al. 1998). This
climatic metric, though relatively crude, was appropriate for this
study, in which the heterogeneity of data sources precludes the investigation of more detailed aspects of the biotic environment. We
obtained standardized PET data for each site from the Consortium for
Spatial Information’s Global Aridity and PET Database (http://
www.cgiar-csi.org/data/global-aridity-and-pet-database). PET data
were downloaded with 30 arc-second spatial resolution as an annual
average over the years 1950–2000. We extracted the PET values for
grid cells within 50 km of each study site, then, for analysis, calculated the mean PET for each site.
In total, we studied 278 species and 27 352 individuals, on which
120 150 measurements were made. Because there was substantial variation among sites in terms of light availability, planting density,
study duration and species composition, the 39 species that occurred
in more than one site were modelled independently, yielding 333 species-site combinations (henceforth referred to as ‘species’). Sample
sizes varied among sites: 3–48 species and 35–7065 individuals were
measured at each site. The median species was represented by 32
individuals (range: 5–2205) and 124 measurements (range: 10–
10 716). The median study lasted 49 months (range 11–145). Nomenclature follows that of The Plant List (http://theplantlist.org). See
Fig. 1 and Table S1 in Supporting Information for details of each
site.

STUDY SITES AND GROWTH DATA

TRAIT DATA

We assessed height growth on juvenile trees because less data were
available for radial growth and for adults. Furthermore, juveniles are
expected to have stronger growth–trait relationships than adults, given
their smaller pools of stored reserves. We included only free-standing
tree species; palms were also excluded as they do not have secondary
growth. Data on tree growth were compiled from 27 sites across six

Functional trait data were acquired from many sources. In 14 of the
27 sites, traits were measured on the same species at which growth
was assessed, yielding ‘local’ values of SLA, wood density and seed
mass for 192, 121, and 66 species, respectively. Trait data for the
remaining species were obtained from publicly available data bases
and published studies. The TRY data base of plant traits (Chave et al.
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Fig. 1. Map of study sites. Points are coloured by biogeographic region and scaled to the number of species studied at each site. Bold font indicates site numbers, whereas plain text indicates study duration (in months) and the number of individuals monitored for growth at each site. See
Table S1 for details.

2009; Kattge et al. 2011) and the Kew Seed Information Database
(SID, http://data.kew.org/sid) were the primary resources for data on
SLA, wood density and seed mass, respectively. Supplemental data
were gleaned from literature searches. Species-level data on SLA,
wood density and seed mass were available for 91, 96 and 86% of
species, respectively. To estimate the functional traits of the remaining species, we ﬁrst obtained the relevant traits for all congeneric species from the aforementioned primary data sources. Following
Gallagher & Leishman (2012), we regressed genus-mean trait values
against the observed species-mean trait values and then predicted species-mean trait values from the genus-mean values (R2: SLA: 15%,
WD 73%, SM: 86%).
ANALYSES

Relationships between relative growth rates and functional traits were
evaluated in a three-step process.
First, we selected the functional form to predict individual height
as a function of time. In 23 sites, juveniles were measured for height
four or more times, allowing nonlinear models to be ﬁt. Such models
are appropriate because RGR tends to decrease over time, owing to
the accumulation of non-photosynthetic biomass and the local depletion of soil resources (Paine et al. 2012). We ﬁt linear, exponential,
power-law, asymptotic and logistic mixed-effect models for each species-site combination separately, then selected the best function for
each one on the basis of Akaike’s information criterion (AIC). In the
remaining four sites, juveniles were measured three times; their
growth was modelled as an exponential function of time. All growth
models included individual trees as a random effect.
Second, we predicted the height of each individual tree as a function of time using species-speciﬁc Bayesian hierarchical models with
the functional forms selected in step one. Parameters were given uninformative priors and were ﬁtted with a Hamiltonian Monte Carlo sampler using the No-U-Turns (NUTS) algorithm, with the constraint that
predicted heights always be positive. We implemented these models
in stan 2.5 via the package ‘rstan’ in R 3.1.1 (R Core Development
Team 2014; Stan Development Team 2014). Four chains were run for

each species-speciﬁc growth model. All models were run for 20 000
iterations, discarding the ﬁrst 19 000 as a burn-in period. We used
the Rhat statistic, together with a visual inspection of the chains, to
assess convergence (Gelman & Rubin 1992). Parameters in all models
converged before 1000 iterations (Rhat1).
These models yielded posterior distributions of growth parameters
for each species, from which we calculated posterior distributions of
RGR at a standardized height of 100 cm, a height attained by almost
all species. We refer to this size-standardized RGR as ‘SGR’. Size
standardization reduces the potential for bias when making comparisons among species that vary in initial size (Rees et al. 2010; Turnbull et al. 2012), as was the case here. SGR was calculated as the
derivative of the function used to predict height, divided by the standard height (Paine et al. 2012). Trait values can vary over ontogeny,
and size-standardized trait values can explain variation in SGR (Rees
et al. 2010), even though species rankings are largely maintained
(Poorter 2007). Even so, we did not analyse ontogenetic variation in
trait values, because data on ontogenetic variation were not available
for most species in the data set.
Third, we predicted SGR as a function of PET and functional traits
(SLA, wood density, and seed mass) for all species, and for the fastest growing species (i.e. species in the 95th quantile of growth rates).
The former group was analysed with linear mixed-effect models,
whereas the latter group was analysed using linear mixed-effect quantile models (Geraci 2014) including additive and interactive effects
(Table 1). Because preliminary analyses indicated that SGR varied
substantially among sites, we included site-speciﬁc intercepts as a random effect in all models. In all models, SGR and seed mass were
log-transformed to improve normality. Predictor values were always
centred and standardized to unit variance, to allow comparisons
among their slope parameters. Thus, intercepts represent the SGR for
a species with trait values at the global mean and with PET at the
global average. We accounted for uncertainty in our estimates of
SGR by weighting each observation by the standard deviation of its
posterior distribution obtained in step two. Doing so, we assumed the
true SGR values were log-normally distributed with species-speciﬁc
means and standard deviations. In contrast, in many previous studies,
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Table 1. Comparison of (a) all species, (b) fast-growing species and
(c) fast-growing individuals. The ﬁrst two groups were ﬁt using linear
mixed-effect models, whereas the latter group was ﬁt using linear
quantile mixed-effect models. Models are sorted by increasing Akaike
information criterion (AIC). PET: Potential evapotranspiration
N Parameters

DAIC

Traits
PET + Traits
Intercept-only
PET
PET 9 Traits
Traits
PET + Traits
PET 9 Traits
PET
Intercept-only
PET + Traits
Traits
PET 9 Traits
PET
Intercept-only

6
7
10
4
10
6
7
10
4
3
7
6
10
4
3

0.0
1.5
5.1
6.6
6.7
0.0
2.9
14.9
32.6
72.9
0.0
0.1
5.2
20.6
20.7

SLA (m2 · kg–1)

Model

R2 = 0.02*
50
40
30
20
10

(b) Fast-growing species

(c) Fast-growing individuals

species-mean growth rates have been assessed as point estimates,
implying that they were known without error (Reich, Walters & Ellsworth 1992; Poorter & van der Werf 1998; but see R€uger et al.
2012). Models were compared on the basis of AIC. For the linear
mixed-effect models, pseudo R2 was obtained with the method of
Nakagawa & Schielzeth (2013). We were not able to calculate the
variance explained for the fast-growing species, because such methods have not yet been developed for linear quantile mixed-effect
models (Geraci 2014).
In addition to the global analyses, we partitioned variance in the
SGR–trait relationships among study sites, plant families and biogeographic regions following the approach of Gelman (2005). Our aim
was to estimate the variation contributed by each source to global
SGR–trait relationships, rather than to test hypotheses. Thus, we built
an additional linear mixed-effect model with random intercepts and
slopes for sites, families and regions. Our biogeographic regions
mostly aligned with continental margins but were adjusted to reduce
variation in sample sizes (Fig. 1). To make the sources of variation
comparable, we assumed that effects of sites, families and regions on
intercepts and slopes were each drawn from separate, independent
zero-mean normal distributions. We estimated the variance contributed by each source to SGR and the three SGR–trait relationships
through 2000 bootstrap samples of the variance–covariance matrix.
Linear mixed-effect models and linear quantile mixed-effect models
were implemented in the lme4 and lqmm packages, respectively
(Bates et al. 2014; Geraci 2014).

Results
Species-mean SLA varied ﬁfteen-fold (3.37–50.38 m2 kg 1),
wood density ﬁvefold (0.16–0.96 gcm 3) and seed mass by
six orders of magnitude (0.11–33 333 mg). Functional traits
were largely uncorrelated with each other, with coefﬁcients of
determination ≤0.06, though there were signiﬁcantly positive
SLA-wood density and seed mass–wood density relationships
(Fig. 2). See Table S2 in Supporting Information for details
of the studied species and their functional traits.

0
10000

Seed mass (mg)

(a) All species

1000
100
10
1

R2 = 0.01ns

R2 = 0.06***

0.1
0.1

0.3

0.5
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0.9

Wood density (g · cm–3)

0
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30

50

SLA (m2 · kg–1)

Fig. 2. Correlations among functional traits for the 333 species-site
combinations. Note that seed mass is presented on log-transformed
axes. Functional traits were largely independent of one another. Fitted
lines are derived from standardized major-axis regressions. Error bars
indicate one standard error of the mean *: P ≤ 0.05; ***: P ≤ 0.0001.

Log-transformed height was best modelled with a logistic or
asymptotic function for 210 and 70 species, respectively, whereas
the remaining 53 were adequately modelled by exponential functions (Figure S1 in Supporting Information). Thus, growth rates
decreased as individual trees increased in size in 84% of the studied species. Species-mean SGR varied among species over four
orders of magnitude, from 9.52 9 10 6 cmcm 1day 1 in
Protium aracouchini to 0.014 cmcm 1day 1 in Phyllanthus
salviifolius, with the median species having a SGR of
1.28 9 10 3 cmcm 1day 1 (Fig. 3).
Both mean and 95th percentile SGR were more strongly
associated with functional traits than with PET. For all species together, as well as fast-growing species, models with
traits alone had the lowest AIC values (Table 1). The three
functional traits were associated with mean SGR, with each
SGR–trait slope differing signiﬁcantly from zero (95 per cent
conﬁdence intervals: SLA, 0.09 – 0.11; WD: 0.11 to 0.09,
SM: 0.10 to 0.08; Fig. 3). Judged by their standardized
slope coefﬁcients, the three traits were associated with SGR
to a similar degree. Thus, a 10 m2kg 1 increase in SLA
increased SGR by 10.3%, a 0.1 gcm 3 increase in wood density reduced SGR by 5.3% and a one order of magnitude
increase in seed mass reduced SGR by 7.3%. Overall, however, functional traits explained only 3.1% of the variation in
SGR (marginal pseudo-R2). Examined independently, SLA,
wood density and seed mass explained 0.8%, 1.4% and 1.6%
of the variation in SGR, respectively. Far more variance was
explained by among-site variation in SGR (conditional
pseudo-R2: 71%).
When the fastest growing species were analysed (i.e. species in the 95th percentile of growth rates), seed mass was
signiﬁcantly negatively related to SGR (P < 0.0001), whereas
SLA and wood density had no effect (SLA: P = 0.42, wood
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Fig. 3. Global relationships between size-standardized relative growth rate (SGR) and SLA, wood density, and seed mass. In a–c), points represent mean SGR for each species, whereas in d–f), points represent the 95th percentile of growth rates of individuals in each species. Thick regression lines and darker shading show overall relationships ﬁtted with a weighted linear mixed-effects model, whereas thinner lines and lighter
shading show relationships for fast-growing species, which were ﬁtted with a weighted linear 95th quantile mixed-effects model. Solid lines represent signiﬁcant relationships (a ≤ 0.05), whereas dashed lines indicate non-signiﬁcant ones. Relationships are shown with 95% conﬁdence
intervals. In all models, weights are the inverse of the credible intervals around species-speciﬁc growth rates, which are indicated by error bars.

density: P = 0.072; Fig. 3a–c). Accordingly, comparing standardized slope coefﬁcients from the quantile mixed-effect
model, seed mass affected the SGR of fast-growing species
more strongly than did SLA or wood density (seed mass =
0.17, SLA = 0.01, wood density = 0.13). For these species, a one order of magnitude increase in seed mass reduced
SGR by 19.2%.
We partitioned the variation in SGR and the SGR–trait
relationships among sites, plant families and biogeographic
regions (Fig. 4). SGR varied among families, but families did
not differ in their SGR–trait relationships (parametric bootstrap likelihood ratio test: P = 0.45). There was no evidence
of variation in SGR or SGR–trait relationships among biogeographic regions (P ≥ 0.31). Therefore, sites were the dominant source of variation in SGR, with relatively minor
contributions from families and regions.
We assessed the generality of growth–trait relationships in
four additional ways. First, we assessed them using only those
sites in which study designs were most similar. This evaluated
the possibility that global growth–trait relationships were
obscured by among-site variation in experimental design
(Table S1). To do so, we considered the global sites of Tree-

DivNet, and the European sites of that network (nine and ﬁve
sites, respectively). Growth–trait relationships in the global
TreeDivNet sites were of a similar magnitude to those in the
global data set (standardized slope coefﬁcients: SLA: 0.15,
WD: 0.14, SM: 0.14; Figure S2 in Supporting Information). In the European TreeDivNet sites, there were signiﬁcant
interactions between functional traits and PET, such that
increasing PET strengthened SGR–trait effects (Figure S2),
despite the shorter gradients of PET and traits in this geographically restricted subset of the data. Surprisingly, in both
analyses, increasing SLA was associated with reduced growth
rates.
Competitive interactions could intensify as juveniles grow,
for example, affecting SGR–trait relationships. We examined,
therefore, whether the strength of growth–trait relationships
varied with the size at which growth rates were measured.
We repeated the linear mixed-effect analyses using SGR estimated at heights of 200, 300 and 500 cm, including only the
species that attained those heights. Models that included additive effects of PET and functional traits were preferred when
SGR was estimated at these heights. Nevertheless, we infer
that PET only marginally affected growth rates, because more
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Fig. 4. A summary of the variance contributed to the global growth–
trait relationships by study sites, plant families and biogeographic
regions. Variation in SGR was greater among study sites than among
families or regions, whereas SGR–trait relationships were relatively
consistent among sites, families and regions. Points, thick bars and
thin bars show means, 50% conﬁdence intervals and 95% conﬁdence
intervals of the ﬁnite-population standard deviations, respectively. The
point estimates are not always at the centre of the intervals because
all variance components must be non-negative (Gelman 2005).

parsimonious trait-only models ﬁt the data equivalently well,
regardless of the size at which growth was assessed (DAIC:
2.5, 0.8 and 1.2, respectively). Seed mass was the only significant predictor of growth at heights above 100 cm (Figure S3
in Supporting Information). The slope of the growth–seed
mass relationships remained largely consistent as juveniles
grew. Thus, growth–trait relationships became no stronger as
juveniles increased in size.
Within-site variation in environmental conditions could
retard the growth of some individuals. For example, photoinhibition may have reduced growth rates for shade-tolerant
species planted into sunny sites (Loik & Holl 2001), even as
shading from faster-growing neighbours may have reduced
growth rates for some individuals in others (Tobner et al.
2013). We evaluated this possibility by modelling the growth
of the fastest growing individuals (i.e. individuals in the 95th
percentile of growth rates for each species) with an additional
set of mixed-effect models. A functional trait-only model ﬁt
the data more parsimoniously and almost equivalently well as
a model including PET (Table 1). Though all three functional
traits signiﬁcantly affected the growth of the fastest growing
individuals, the standardized slope coefﬁcients were no greater
in magnitude than in the model for all species (SLA: 0.09,
WD: 0.12, SM: 0.12; Fig. 3d–f). Nor did this model
explain substantially more variance in growth rates (marginal
pseudo-R2, SLA: 0.7%, wood density: 1.6%, seed mass:
2.2%). Thus, even for the fastest growing individuals in each
species, functional traits remained poor predictors of growth.
Finally, not all functional trait values were available for
all species at the sites where saplings were measured. Intra-

speciﬁc trait variation, however, can be substantial (Albert
et al. 2010). By including trait data drawn from data bases
and the literature, we may have introduced variation that
obscured the global growth–trait relationships. We tested this
possibility by evaluating whether the slopes of the growth–
trait relationships differed between the set of species with
locally measured traits and the set with trait data obtained
from other sources. The three traits were measured locally
on differing subsets of species. SLA, wood density and seed
mass were locally available for 192, 121 and 66 species,
respectively. Thus, we built a mixed-effect model for each
trait to test if the slope of the growth–trait relationship
depended on the origin of the trait data. They did not (parametric bootstrap likelihood ratio tests: P ≥ 0.88). These models were similarly poor at explaining the variation in SGR
(Pseudo R2 ≤ 2.3%). Therefore, we do not believe that the
weakness in the global growth–trait relationships is attributable to intraspeciﬁc trait variation.

Discussion
At a global scale, among-species variation in sapling growth
was positively associated with SLA, and negatively with
wood density and seed mass. Even so, they were surprisingly
weak, and did not strengthen when we analysed more homogeneous geographic subsets, juveniles of larger stature, fastgrowing individuals or locally collected functional trait data.
Due to their signiﬁcant negative covariation, we conclude that
the relationships between functional traits and sapling growth
are globally consistent. On the other hand, growth and
growth–trait relationships were independent of global variation in potential evapotranspiration. We discuss why traits are
reasonable predictors of performance at local, but not global
scales, and the implication of our results for trait-based global
vegetation modelling.
WHY ARE GLOBAL GROWTH–TRAIT RELATIONSHIPS SO
WEAK?

Previous studies have found stronger relationships between
growth and the traits we studied, especially when plants were
grown under controlled conditions (Grime, Hunt & Grime
1975; Poorter & van der Werf 1998). Combinations of functional traits explained up to 40–60% of the variation in diameter growth for ﬁeld-grown trees assessed at single sites
(Wright et al. 2010; R€
uger et al. 2012), and slightly less at
regional scales (Poorter et al. 2008; Martınez-Vilalta et al.
2010). In contrast, we found that the three functional traits
explained little variation in growth at the global scale. This
broad result is made robust by the use of (i) a substantial data
set of global scope, (ii) data-collection methods that were
standardized across globally distributed study sites, (iii) an
analysis through which uncertainty was propagated and (iv)
estimates of relative growth rate that were made at standardized sizes.
The discrepancy between previous studies and the current,
global one might be explained by the fact that an individual’s
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growth rate is not only affected by its functional traits, but
also by the environmental conditions it experiences and the
suitability of its traits to its environment. Environmental conditions entered our analyses as the ﬁxed effect of PET, which
summarized the joint inﬂuence of temperature and precipitation, and the random effect of site, which accounted for
unmeasured sources of variation in SGR among sites. Surprisingly, PET affected neither SGR nor global SGR-trait relationships, although among-site variation in SGR was
substantial. This may have occurred because we selected
study sites with similar experimental designs and relatively
high-light conditions; 59% of species were planted into sites
with ≥50% sunlight, and 70% were planted with ≥25% sunlight (Table S1). Simultaneously, we found weak relationships
between SGR and functional traits. Together, these observations suggest that growth rates were strongly affected by
unmeasured within-site variation in environmental conditions.
We tested this by evaluating the relationships among growth,
traits and PET for the fastest growing individuals of each species and, surprisingly, found that relationships were no stronger than in the overall analysis (Fig. 3d–f). This indicates that
functional traits were poor predictors of growth even for
individuals that did not experience adverse environmental
conditions. The discrepancy could also have arisen if there
were substantial variation in growth–trait relationships among
sites, but after testing with an additional set of models that
allowed for varying growth–trait relationships in each site, we
found no support for the suggestion that growth–trait relationships vary among sites (parametric bootstrap likelihood ration
tests: P ≥ 0.75), conﬁrming the minor variance in slopes
explained by sites in the variance-partitioning analysis
(Fig. 4).
Our choice of growth metric may have affected our inference
of the strength of the growth–trait relationships. Ideally, growth
would be assessed as whole-plant biomass, rather than as stem
height. This was not feasible in the current study, as it would
have required species-speciﬁc allometries or destructive harvests, which were not available for most species in our data set.
Growth can also be measured as girth, which is often strongly
correlated with height (Martínez-Garza, Bongers & Poorter
2013). For trees < 140 cm, however, there is little consensus
on the point at which girth should be measured. Moreover,
height growth can be evaluated much more precisely than radial
growth because small plants grow more in height than in diameter, and height growth is more ecologically relevant, as it
determines an individual’s position in the vertical light proﬁle
of the forest, and thus, its access to light. Using stem height
may have introduced some noise into the analysis, owing to
interspeciﬁc variation in biomass allocation to height. We
believe, however, that it is unlikely to have been sufﬁcient to
generate the globally weak trait–growth relationships we
observed.
Altogether, it is unclear why global relationships among
functional traits, PET and growth are so weak. Thus, evaluating the joint effects of environmental conditions and functional traits on growth rates remains an important topic of
study (R€uger et al. 2012).

TOWARDS BETTER PREDICTIONS OF GROWTH

To better manage and conserve ecological communities, we
must improve our ability to predict their dynamics (Clark
et al. 2001). The most promising models to do so are rooted
in demography (Boulangeat et al. 2012), but obtaining demographic data is challenging, especially in species-rich communities where many species are rare. The ability to accurately
predict vital rates, and thus demography, from data that are
relatively easily obtained would allow a step change in ecological forecasting (Adler et al. 2014). The relative ease of
collecting functional trait data and the potential of functional
traits to yield insight into population and community structure
(Kraft, Valencia & Ackerly 2008; Cornwell & Ackerly 2010;
Kunstler et al. 2012) suggest that integrating them into
dynamic vegetation models would increase their reliability
(Scheiter, Langan & Higgins 2013; Sakschewski et al. in
press). Our results, however, indicate that the functional traits
most commonly investigated in plant ecology are poor predictors of growth at large scales. Though organ-speciﬁc functional traits are easily measured, they integrate many
physiological processes, are intricately interrelated, and can
be highly plastic (Russo et al. 2010; Paine et al. 2011; PerezHarguindeguy et al. 2013). Moreover, functional integration
occurs at the individual level, not at the level of organs
(Craine et al. 2012). Thus, many combinations of trait values
can yield similar growth rates (Marks & Lechowicz 2006).
Integrated measures, such as whole-plant carbon use efﬁciency, may be more effective (Enquist et al. 2007).
Is it feasible to predict plant community dynamics over
broad scales? It has been suggested that ‘hard’ functional
traits, such as photosynthetic or respiration rates, would be
better predictors of vital rates than ‘soft’ traits such as SLA,
wood density and seed mass (Lavorel & Garnier 2002). This
is unlikely under ﬁeld conditions, however, because the physiological bases of hard traits make them overly sensitive to
heterogeneity in environmental conditions. Contrastingly,
experimental measurements of whole-plant tolerance to low
resource availability may predict vital rates, and thus community dynamics, over broader scales than can organ-speciﬁc
functional traits (Craine et al. 2012). As data on species’
physiological tolerance to low resource availability become
more widely available, they should allow broader-scale predictions of community structure and dynamics (Engelbrecht
et al. 2007). We suggest that future studies focus on determining which functional traits predict the vital rates of individuals under various environmental conditions, and at what
spatial scales (Martınez-Garza et al. 2005), rather than seeking monolithic global relationships. Regardless of the
approach, improving techniques to predict the dynamics of
ecological communities remains a vital task, given the urgent
need for their management and conservation.
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Supporting Information
Additional Supporting Information may be found in the online version of this article:
Table S1. Summary data on each experimental site.
Table S2. Summary data on each species-site combination.
Figure S1. Predicted growth of each of the 333 species-site combination over time. Points indicate observed sizes of individuals, heavy
black lines indicate species-mean growth, and thin grey lines indicate
growth of repeatedly observed individuals. The colour of the associated conﬁdence envelopes indicates the ﬁtted functional form green:
asymptotic; red: exponential; blue: logistic. Note that height is logtransformed and that scales vary among panels.

TreeDivNet sites (Top row, panels A–C) and the European TreeDivNet sites (Bottom row, panels D–F). A trait-only model ﬁt the former
data best, whereas the latter were best ﬁt by a model that included a
trait–PET interaction. In all panels, relationships are weighted by the
inverse of the credible intervals around species-speciﬁc growth rates,
which are indicated by error bars. SGR was log-transformed for
analysis and back-transformed for presentation.
Figure S3. Relationships between size-standardized relative growth
rate (SGR) and SLA, wood density, and seed mass in the global data
set. SGR was estimated at standardized heights of 200 cm (Top row,
panels A–C), 300 cm (Middle row, panels D–F) and 500 cm (Bottom
row, panels G–I). A trait-only model ﬁt all three sets of data best. In
all panels, relationships are weighted by the inverse of the credible
intervals around species-speciﬁc growth rates, which are indicated by
error bars. SGR was log-transformed for analysis and back-transformed for presentation.

Figure S2. Relationships between size-standardized relative growth
rate (SGR) and SLA, wood density, and seed mass in the world-wide
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